Abstract: Studies in vivo and in vitro suggest that curcumin is a neuroprotective agent. Experiments were conducted to determine whether dietary supplementation with curcumin has neuroprotective effects in a mouse model of Parkinson's disease (PD). Treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) significantly induced the loss of dopaminergic cells in the substantia nigra and deletion of dopamine in the striatum, which was attenuated by long-term (7 weeks) dietary supplementation with curcumin at a concentration of 0.5% or 2.0% (w/w). Although curcumin did not prevent the MPTP-induced apoptosis of neuroblasts in the subventricular zone (SVZ), it promoted the regeneration of neuroblasts in the anterior part of the SVZ (SVZa) at 3 days after MPTP treatment. Furthermore, curcumin enhanced the MPTP-induced activation of microglia and astrocytes in the striatum and increased the expression of glial cell line-derived neurotrophic factor (GDNF) and transforming growth factor-β1 (TGFβ1) in the striatum and SVZ. GDNF and TGFβ1 are thought to play an important role in protecting neurons from injury in the central and peripheral nervous systems. These results suggest that long-term administration of curcumin blocks the neurotoxicity of MPTP in the nigrostriatal dopaminergic system of the mouse and that the neuroprotective effect might be correlated with the increased expression of GDNF and TGFβ1. Curcumin may be effective in preventing or slowing the progression of PD.
Introduction
Treatment with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is known to selectively deplete striatal dopamine and cause damage to dopaminergic neurons in the substantia nigra pars compacta (SNpc) in humans 1 , nonhuman primates 1 and several species of rodents 2, 3 . To date, MPTP-treated mice remain the best-characterized model of Parkinson's disease (PD) and have provided the strongest support for the role of oxidative stress in the disease's pathogenesis 4 . Moreover, the activation of microglia and astrocytes, another significant and important change in response to MPTP 5 , has also been suggested to be involved in the neurotoxicity of MPTP in the nigrostriatal dopamine system 6, 7 . In addition, MPTP has been demonstrated to induce apoptosis of neuroblasts in the subventricular zone (SVZ) and rostral migratory stream (RMS) in adult mice [8] [9] [10] . Curcumin is a constituent of turmeric, the yellow pigment isolated from Curcuma longa and a major ingredient of curry. Curcumin has been scientifically proven to have strong antioxidative, anti-inflammatory and anticarcinogenic properties 11 . In recent years, neuroprotective effects of curcumin have been widely investigated, and numerous studies have shown that curcumin is neuroprotective in multiple animal models and has great potential for prevention or treatment of age-related dementia arising from Alzheimer disease (AD) or cardiovascular disease, PD, other diseases of aging and aspects of aging itself 12 . In the past few years, however, only a few in vivo and in vitro studies have focused on the effects of curcumin on the toxicity of MPTP or 1-methyl-4-phenylpyridinium (MPP + ) to try to explore whether curcumin might be a potential preventive and therapeutic agent for PD. Sawada et al. 13 proved that curcumin, acting as an inhibitor of c-Jun/AP-1, protected dopaminergic neurons from MPP + -induced neuronal death. Results from another in vitro study suggest that the cytoprotective effects of curcumin on MPP + -induced cytotoxicity and apoptosis are mediated, at least in part, by the Bcl-2-mitochondria-reactive oxygen species (ROS)-induc-ible nitric oxide synthase (iNOS) pathway 14 . Vajragupta et al. 15 provided evidence showing that acute treatment with curcumin significantly attenuated MPTP-induced striatal dopamine depletion in adult mice. In another in vivo study, MPTP-induced glutathione (GSH) depletion and lipid peroxidation in the mouse striatum and midbrain was blocked by curcumin treatment 16 . Short-term treatment with curcumin in adult mice can also reverse MPTP-induced depletion of dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC) 17 . As noted in a recent paper, curcumin protected against MPTP-or MPP + -induced dopaminergic neurotoxicity in C57BL/6N mice or SH-SY5Y cells by inhibiting c-Jun N-terminal kinase (JNK) pathways both in vivo and in vitro 18 . These investigations mostly focused on the neuroprotective mechanism of curcumin, and they suggest that its protective effects on MPTP/MPP + toxicity are mainly related to its antioxidative properties. Moreover, in studies in vivo, curcumin was delivered via intraperitoneal injections and an acute or sub-acute protocol was usually used. As a food additive, the long-term effect of curcumin has not been investigated in the MPTP mouse model of PD. In the present study, curcumin was administered as a dietary supplement, and its neuroprotective effects on MPTP-induced destruction of the nigrostriatal dopamine system were studied in mice. Moreover, the effects of curcumin on the apoptosis of neuroblasts, regeneration of neuroblasts and activation of microglia and astrocytes in MPTP-treated mice were also investigated.
Materials and Methods

Chemicals and animals
The curcumin (technical grade) used in this study was a commercially available preparation obtained from Cayman Chemical Company, Ann Arbor, MI, USA. MPTP was purchased from Sigma (St. Louis, MO, USA) and dissolved in saline at a concentration of 4 mg/ml. Three-weekold male C57BL/6 mice (9-12 g; Clea Japan, Tokyo, Japan) were housed five or six per cage in a temperature-controlled room under a 12/12 h light/dark cycle. They were fed a basal diet, Oriental MF (Oriental Yeast Co. Ltd., Tokyo, Japan), supplemented with curcumin.
Experimental design
All mice had free access to water and food. They were fed the basal diet, a 0.5% curcumin-supplemented diet, or a 2% curcumin-supplemented diet. After seven weeks, they were intraperitoneally injected with a single dose of MPTP 40 mg/kg body weight or saline (1 ml/100 g body weight). Thus, they were divided into six groups (n = 10-14 for each group): group 1, fed the basal diet and injected with saline; group 2, fed the 0.5% curcumin diet and injected with saline; group 3, fed the 2% curcumin diet and injected with saline; group 4, fed the basal diet and injected with MPTP; group 5, fed the 0.5% curcumin diet and injected with MPTP; and group 6, fed the 2% curcumin diet and injected with MPTP. Animals were sacrificed at 1 day or 3 days after the MPTP or saline treatment (n=5-7 for each group at each time point). All procedures were approved by the Committee of Animal Experiments, Graduate School of Agricultural and Life Science, The University of Tokyo.
Tissue preparation
The animals were perfused through the heart with sterilized saline followed by 10% cooled neutral buffered formalin for 5 min under inhalation anesthesia. The brains were isolated immediately in 10% neutral buffered formalin, embedded in paraffin and cut into 4-µm coronal sections encompassing the entire SVZ for detecting striatal dopamine and neuroblast apoptosis and coronal sections encompassing the entire mesencephalon for detecting dopaminergic neurons in the SNpc. The sections were used for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), immunohistochemistry and immunofluorescence histochemistry, as well as for staining with hematoxylin-eosin (HE).
Immunohistochemistry
Tissue sections were used for immunohistochemistry with the following primary antibodies: goat anti-doublecortin (Dcx, 1:200; Santa Cruz Biotechnology, Dallas, TX, USA) as a marker for migrating neuroblasts; rabbit anti−glial fibrillary acidic protein (GFAP, 1:100; Dako, Carpinteria, CA, USA) as a marker for astrocytes; rabbit anti-tyrosine hydroxylase (TH, 1:100; Chemicon, Temecula, CA, USA) and rabbit anti-dopamine transporter (DAT, 1:50, Santa Cruz Biotechnology, Dallas, TX, USA) as dopaminergic markers, rabbit anti-ionized calcium-binding adaptor molecule 1 (Iba 1, 1:250; Wako, Osaka, Japan) as a marker for microglial cells, mouse anti-proliferation cell nuclear antigen (PCNA, 1:100, Dako, Carpinteria, CA, USA), rabbit anti-glial cell line-derived neurotrophic factor (GDNF, 1:50, Santa Cruz Biotechnology, Dallas, TX, USA), and rabbit anti-transforming growth factor beta1 (TGFβ1, 1:50, Santa Cruz Biotechnology, Dallas, TX, USA). A DAKO EnVision System (Dako EnVision-labeled polymer, peroxidase) was used for detection or binding of the biotinylated secondary antibody. The sections were visualized using 0.05% 3,3′-diaminobenzidine (DAB) with 0.03% hydrogen peroxide in Tris-HCl buffer and counterstained with methyl green.
TUNEL method
Representative paraffin-embedded sections encompassing the entire SVZ obtained from mice sacrificed at 1 day after MPTP or saline treatment were processed for the TUNEL assay, which was performed using an ApopTag Peroxidase In situ Apoptosis Detection Kit (Chemicon International, Temecula, CA, USA) according to the manufacturer's instructions.
Double-labeling immunofluorescence
To investigate the effects of curcumin on the regeneration of neuroblasts after MPTP-induced destruction in the SVZ, double-labeling immunofluorescence histochemistry was performed using the goat anti-Dcx antibody (Santa Cruz Biotechnology) and mouse anti-PCNA antibody (Dako). Tissue sections were visualized with fluorescein isothiocyanate (FITC)-conjugated donkey anti-goat IgG (1:100; Santa Cruz Biotechnology) and Texas Red-conjugated antigoat antibody (1:100; Vector Laboratories, Burlingame, CA, USA), mounted with Vectashield (Vector Laboratories), and then observed using a Zeiss LSM510 confocal laser scanning microscope.
Cell counting and statistical analysis
Serial coronal sections through the SVZ (0.50 to 0.98 mm from the bregma) and SNpc (−2.9 to −3.3 mm from the bregma) were collected with the aid of the mouse brain atlas 19 . At least one of ten to fifteen sections (a total of 5-7 sections per animal) was blindly counted for the quantitative analysis. Quantitative densitometric analysis of DAT+ fibers in the striatum was performed using ImageJ (NIH, Bethesda, MD, USA). Results were expressed as the average number (or value) in the unilateral SNpc, SVZ or striatum and reported as the mean ± standard deviation (SD). Differences between groups were analyzed by ANOVA followed by Tukey's multiple comparison test using the GraphPad Prism statistical software (version 4.00; GraphPad Software Inc, San Diego, CA, USA). The results were considered statistically significant when p<0.05.
Results
Dietary curcumin alone has no detrimental effect on internal organs
The 2% but not 0.5% curcumin-supplemented diet was associated with a small but significant decline in final body weight compared with the control (23.17 ± 1.64 versus 24.75 ± 1.44, p<0.002), possibly due to decreased food intake. Although curcumin has been reported to cause hepatotoxicity 20 or gastric ulceration 21 , mice fed the 0.5% or 2% diet for 7 weeks did not show any significant change in the liver, stomach or other organs in our histopathological analysis.
MPTP-induced neurotoxicity in the nigrostriatal dopaminergic system is attenuated by dietary curcumin
To investigate the neuroprotective effects of curcumin on the MPTP-induced damage in the nigrostriatal dopaminergic system, C57BL/6 mice were fed a diet supplemented with 0.5% or 2% curcumin for 7 weeks and then given a single dose of MPTP (40 mg/kg, i.p.). Three days after the MPTP treatment, the brains were analyzed by immunohistochemistry to quantify TH-positive neurons in the SNpc. In mice fed the basal diet, MPTP treatment reduced the number of TH-positive neurons to 41.6% of that in the saline-treated control (p<0.001) (Fig.1A, B and E) . In mice fed the diet supplemented with 0.5% or 2% curcumin, however, the neurotoxicity of MPTP was blocked, as revealed by a significantly attenuated decrease in the number of THpositive dopaminergic neurons, ranging from 59.7% (0.5% curcumin) to 68.3% (2% curcumin) of the control (without curcumin) value (p<0.05 and p<0.002, respectively, when compared with MPTP-treated mice fed the basal diet) (Fig.  1A-E) . Since there was no significant difference in the number of TH-positive dopaminergic neurons between the 0.5% and 2% curcumin groups after the MPTP treatment (Fig.  1C-E ), curcumin's attenuating effect on the neurotoxicity of MPTP was thought not to be dose dependent when administered at 0.5% to 2%. Mice fed curcumin and injected with saline showed no change in the number of TH-positive dopaminergic neurons.
We further analyzed changes in dopamine levels in the striatum by performing an immunohistochemical analysis with DAT antibody. MPTP-treated mice exhibited patterns of DAT-immunoreactive fiber loss, as shown in Fig. 1G , at 3 days post treatement compared with the control (without curcumin) (Fig. 1F) . Supplementation of the diet with 0.5% or 2% curcumin for 7 weeks significantly blocked the MPTP-induced depletion of striatal dopamine content (Fig.  1F-J) .
Dietary curcumin promotes the recruitment of neuroblasts in the anterior part of the SVZ post treatment with MPTP
We previously demonstrated that the injection of MPTP induced apoptosis of neuroblasts in the SVZ and RMS of adult mice 8, 10 . The present results show that a diet supplemented with curcumin did not protect neuroblasts against MPTP-induced apoptosis when examined at 24 hours post treatment (Fig. 2) .
In mice fed the basal diet, MPTP-induced apoptosis was followed by a dramatic reduction in the number of neuroblasts in the anterior part of the SVZ (SVZa), as shown in Fig. 3B , F, J and N and Fig. 4 . Unexpectedly, at 3 days post treatment with MPTP, the number of neuroblasts was not decreased in mice fed the diets supplemented with curcumin ( Fig. 3C and D , G and H, K and L and O and P, Fig.  4 ). Since MPTP-induced apoptosis was not blocked in the curcumin-fed groups, this may be attributed to enhanced regeneration of neuroblasts. Representative HE-stained sections obtained from mice fed 0.5% (Fig. 3C) and 2% (Fig.  3D ) curcumin showed unchanged cell numbers compared with those from saline-treated mice fed the basal diet (Fig.  3A) . Immunohistochemical analysis with Dcx antibody (Fig. 3E-H) revealed that MPTP induced a decrease in the number of Dcx-positive neuroblasts in the SVZa (40.7 ± 6.5% of control) (Fig. 3F, Fig. 4) , which was blocked in the 0.5% curcumin (107.6 ± 13.1% of control) (Fig. 3G, Fig  4) and 2% curcumin (113.3 ± 17.2%) groups (Fig. 3H and  Fig. 4) . To further assess cellular regeneration, we immunohistochemically labeled cells in the SVZa using PCNA antibody (Fig. 3I-L) . At 3 days post treatment with MPTP, the numbers of PCNA-positive cells were greatly increased in the curcumin-fed groups (92.7 ± 9.5% and 101.5 ± 10.9% of control, respectively) ( Fig. 3K and L, Fig. 4 ) compared with the basal diet-fed group (33.1 ± 7.9% of control) (Fig.  3J, Fig. 4) . To visualize the phenotype of the cells underlying the proliferation, we performed double labeling with PCNA and Dcx. Representative sections from mice fed the 0.5% (Fig. 3O) and 2% (Fig. 3P ) curcumin diets showed that the majority of cells expressing Dcx were also positive for PCNA in the SVZa at 3 days post treatment. Curcumin itself did not change the number of Dcx-or PCNA-positive cells in saline-treated mice (data not shown).
Dietary curcumin enhances the MPTP-induced activation of microglia and astrocytes in the striatum
As documented previously by other investigators, damage to the brain of adult rodents caused by MPTP resulted in glial activation in the nigrostriatal system 7, [22] [23] [24] . In the MPTP-treated mice fed the basal diet, an increased number of GFAP-positive cells was observed in the striatum at 3 days post treatment (Fig. 5B and F, Fig. 6 ). Mice fed the diet supplemented with 0.5% or 2% curcumin showed further increases in GFAP-positive cells. As shown in Fig. 5C and D and G and H and Fig. 6 , the activation of astrocytes was more prominent in the curcumin-treated groups than in the basal diet-fed group at 3 days after the MPTP treatment. The changes in both the number and morphology of astrocytes demonstrate that dietary curcumin supplementation results in a more extensive and enhanced activation of astrocytes in the striatum in MPTP-treated mice.
In order to examine the microglial activation, an immunohistochemical analysis was performed using an antibody raised against Iba 1. The results showed that Iba 1 immunoreactivity was also induced in the striatum in mice fed the basal diet at 3 days post treatment with MPTP ( Fig. 5J  and N) . The MPTP-induced microglial activation was more prominent in mice fed the curcumin supplement (Fig. 5K and L and O and P, Fig. 6 ) than in those fed only the basal diet.
Curcumin did not enhance the activation of microglia and astrocytes in the SNpc in MPTP-treated mice. Curcumin itself did not induce alterations to microglia and astro- cytes in the striatum or SNpc in saline-treated mice (data not shown).
Dietary curcumin increases the expression of GDNF and TGFβ-1 in the striatum and SVZ post treatment with MPTP
Since the activation of microglia and astrocytes has been suggested to be neuroprotective, and these cells produce neurotrophic and/or neuroprotective factors after acute brain damage 25, 26 , we evaluated the immunohistochemical expression of glial-derived factors, GDNF and TGFβ1, in the nigrostriatal system 3 days after MPTP treatment. Compared with saline-or MPTP-treated mice fed the basal diet (Fig. 7) , the mice given curcumin showed an increase in GDNF and TGFβ1 staining in the striatum and SVZ (Fig. 7) .
Increased GDNF and TGFβ1 expression was not detected in the SNpc. Curcumin itself did not change the immunohistochemical expression of GDNF or TGFβ1 in saline-treated mice (data not shown).
Discussion
Several mechanisms may be involved in the neurotoxicity of MPTP in the nigrostriatal system. Although no single mechanism is universally recognized, the initial sequence of events, the conversion of MPTP into MPP + , the real toxin, through the metabolization of monoamine oxidase B (MAO-B), appears to be well accepted. Curcumin has been reported to dose-dependently inhibit MAO-B activity in the mouse brain 27 . Rajeswari and Sabesan 17 have Once inside dopaminergic neurons, MPP + is concentrated by an active process within the mitochondria, where it impairs mitochondrial respiration by inhibiting complex I of the electron transport chain 28 . Complex I's inhibition by MPP + can directly result in increased oxidative stress 29 , which is suggested to be responsible for the neurotoxic effect of MPTP on the nigrostriatal dopaminergic system 30 . Numerous groups have provided evidence that curcumin exerts neuroprotective activity through antioxidative mechanisms. Rajeswari 16 and Yu et al. 18 demonstrated that curcumin played an important role in preventing oxidative damage in the nigrostriatal dopaminergic system in an MPTP-induced animal model of PD, suggesting that the antioxidative mechanisms are also involved in the neuroprotective effects of curcumin administered a long term.
The present study also confirms results of previous investigations 7, 31 indicating that the activation of microglia and astrocytes occurs in the striatum in MPTP-treated mice.
Moreover, long-term dietary supplementation with curcumin enhanced the activation of microglia and astrocytes as revealed by GFAP and Iba 1 immnoreactivity, which was accompanied by increased expression of GDNF and TGF-β1 in the striatum and SVZ. Although numerous findings now suggest that inflammation is involved in MPTP-mediated nigrostriatal neurodegeneration 22, 32, 33 , as well as other types of nigrostriatal neurodegeneration, there is no consensus regarding the significance of the role of inflammation in dopaminergic neuronal cell loss 34 . On the other hand, activated microglia or astrocytes also have neuroprotective effects mediated by the release of neurotrophins, uptake of glutamate and sequestering of neurotoxic substances 26, 35 . Neurotrophins such as GDNF and TGFβ1 are thought to play an important role in protecting neurons from injury in the central or peripheral nervous system. GDNF belongs to the TGFβ superfamily and is produced in microglia and astrocytes, and its mRNA has been detected in the microglia of the injured striatum 25 . TGF-β1 is expressed in most CNS cell types and is rapidly up-modulated, mainly in astrocytes and microglia, after neural injury 36 . GDNF has been shown to exert pro-survival effects on dopaminergic neurons in an animal model of PD induced using MPTP 37, 38 . Although an in vivo investigation was note performed, TGF-β1 promoted the survival of dopaminergic neurons cultured from the embryonic rat mesencephalon floor after N-methyl-4-phenylpyridinium treatment 39 . Thus, enhanced activation of microglia and astrocytes by curcumin may be responsible for protecting the nigrostriatal dopaminergic system from MPTP neurotoxicity mediated by the excessive release of GDNF and TGFβ1. Even though inflammatory cytokines may also be produced in activated microglia and astrocytes, their levels could be suppressed by curcumin 40, 41 . The present results show that dietary curcumin supplementation promoted the regeneration of neuroblasts in the SVZa after MPTP-induced apoptosis, indicating a positive link between curcumin and neural regeneration, as described previously 42 . Previous evidence showing that GDNF or TGFβ1 is associated with neural proliferation 43, 44 may suggest that the enhanced activation of microglia and astrocytes caused by curcumin contributes not only to the dopaminergic system in the striatum and SNpc but also to neuroblast regeneration in the SVZa. Additional study will be required to clarify the other mechanisms involved in the curcumin-enhanced neurogenesis after MPTP-induced injury.
In conclusion, pretreatment for 7 weeks with a diet supplemented with 0.5% or 2% curcumin effectively protected the nigrostriatal dopaminergic system from the neurotoxicity of MPTP in C57BL/6 mice. The protective effect was clearly not dose dependent. The findings of the present study demonstrate that curcumin, when administered as a dietary supplement for a long term, protects against the neurotoxicity of MPTP in the nigrostriatal dopaminergic system and promotes the regeneration of neuroblasts in the SVZ in mice, and that this is likely due to the enhanced activation of microglia and astrocytes. 
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